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Abstract: 1,1',5,5-tetramethyl-6,6dioxobis(verdazyl) (BVD) reacts with copper(l) halides in acetonitrile and copper-

(1) halides in methanol to give copper(l) coordination polymers of compositiop{glBVD)]x. When X= Cl and

X = Br, these polymers crystallize in orthorhombic unit cells with dimensirs 6.684(1) A,b = 12.524(3) A,

andc = 8.717(2) A (X= Cl) anda = 12.680(2) Ab = 6.744(1) A, ancc = 8.822(2) A (X= Br). With X =1,

powder diffraction indicates a monoclinic unit cell with dimensiens 12.669 A,b = 8.461 A,c = 7.679 A, and

p = 91.88, although poor crystal quality prevented a full structure determination. Magnetic susceptibility
measurements taken on the three polymers indicate that the spins couple in one-dimensional chains with alternating
exchange parameters; = —190 cnt?, J, = —116 cnt! (X = Cl); J; = —200 cnt?, J, = —110 cnt! (X = Br);

andJ; = —271 cn1l, J, = —200 cnT! (X = ). Variable temperature ESR measurements on the unstable monomeric
complex resulting from reaction of BVD with (G#®);PCul indicate an interradical exchange paraméfefr —230

cm L. ESR spectra of all three complexes show extremely broad, featureless lines as a result of very rapid spin
lattice relaxation. The reduction in exchange between the two halves of the bis(verdazyl) ligand upon coordination,
and the unusual ESR properties, require a delocalized structure, with significant spin density on the copper atom.
Variation of the auxiliary ligands on the copper atom allows tuning of the intramolecular exchange.

Introduction remarkable examples of well-characterized materials showing
) ) ] novel magnetic ordering, but their complex three-dimensional
The interaction between electrons in degenerate or nearnieractions make a detailed understanding of the -spjin
degenerate molecular orbitals is important in the study of many interactions hard to achieve. In order to better understand
molecular and supramolecular properties. Although these metal-radical and radicatradical interactions, smaller and

interactions are relatively low in energy, they are vital for the more easily analyzed systems must be studied.
accurate description of magnetic and electronic properties of

molecules and materials. To allow for the rational design of .\ jiradical 1,15,5-tetramethyl-6,6dioxobis(verdazyl)

magnetic _and e_lectrqn_ic systems, and to aid in the_de;ign Of(BVD) and observed that the molecule has a singlet ground state
nanoscopic devices, it is important to be able to predict, if only with a thermally populated triplet lying 760 crhabove it/

roughly, the sign and magnitude of interelectronic exchange. gy/p i ideally suited for radical coordination studies because
Furthermore, to allow design flexibility, a tunable system of

We have previously reported the ESR and magnetic properties

interactions is desirable. In magnetic systems, recent research \ /
has focused on transition metal complexes of organic radical N—N  "N—N
ligands!2 Such systems not only provide a probe for exchange 0=< \>—<\ >=0
interactions between unpaired electrons but in some instances N—N, N-—-N
have shown novel long range ordering effécid. Indeed, the / BVD \

only reported room temperature molecular magnet is believed
to be a coordination polymer between vanadium(ll) and a
tetracyanoethylene radical anisnOther metat-radical ligand
systems that have been extensively studied include metal
semiquinone complexés,coordination polymers based on
bridging nitronyl or nitroxide ligand3$,and polymers based on
aromatic polynitroxide$. These studies have provided some

the radicat-radical interaction is well-characterized. The
diradical can chelate metals with relatively little geometric
perturbation and consequently valuable information about the
metat-radical and metatmetal interactions should be obtain-
able. Furthermore, BVD is a relatively rigid, chelating molecule
analogous to bipyrimidine. Such molecules have been proposed
T University of Colorado. as building blocks in the self-assembly of complex molecular

* University of Texas at Austin. structure$, and the prospect of employing this ligand as a key
® Abstract published iAdvance ACS Abstractdjay 15, 1997.
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Results

BVD was synthesized from phosgene, methyl hydrazine, and
glyoxal by literature methods!® Combination of chloroform
and dichloromethane solutions of BVD with trimethyl phos-
phite—copper(l) iodide results in a change in the color of the
solution from red-brown to a dark yellow-brown. Coordination
of the ligand to copper is indicated by the shift of the carbonyl
stretching frequency from 1690 crh(free ligand in chloroform)
to 1697 cmil. The absorption spectrum shows a peaknak
= 396 nm € = 4690 M! cm™) typical for a copper(h-
aromatic imine metatligand charge transfer absorpti&h The

expected shoulders in the spectrum at 420 and 500 nm cannot

be resolved.

As a solution, the complex cannot be fully characterized as
it is unstable and over a 24 h period deposits a black precipitate
of [Cual2(BVD)]« with liberation of trimethyl phosphite. Nev-
ertheless, the available spectral data are consistent with structure
for the monomel or an iodide-bridged oligomer such 2s
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ESR spectra of many organic triplets can only observed in
rigid matrices. In fluid solution, molecular tumbling rapidly
modulates electronic dipotedipole interactions, resulting in
rapid spin-lattice relaxation and broadening of the ESR signal
until it becomes undetectablé. The ESR spectra of BVD in
frozen chloroform, before and after addition of (€3jsPCul,
are shown in Figure 1. At room temperature, chloroform
solutions containing BVD and (Gi®)sPCul show only a narrow
ESR signal which we assign to an oxidation contaminant of
BVD present in samples of BVD in concentrations up to 1%.
Moreover, even when frozen<Q00 K), the solution does not
exhibit the anticipated triplet ESR spectrum; i.e., no fine
structure arising from zero-field splitting can be observed.

Brook et al.
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Figure 1. ESR spectra in frozen chloroform. The upper trace is from
BVD and shows the fine structure arising from zero-field splitting. The
lower trace is from a solution of BVD after addition of 2 equiv of
(CH30)sPCul. Considerable broadening of the spectrum and loss of
fine structure are apparent. The large central signal in both traces arises
form a doublet impurity present in samples of BVD.
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Figure 2. Doubly integrated ESR signal intensity temperature vs
temperature for the lower trace of Figure 1. The solid line is a best fit
to the modified BleaneyBowers equationIT = /(3 + e™T) + p,
with parameters = 230 cnt?, g = 8.1 K, andp = 0.17 K.

Instead, a very broad, indistinct resonance is observed as twoCurve fitting to the BleaneyBowers equatiotf gives a singlet

shoulders in either side of the previously noted narrow signal.

triplet separation) of —230 cntl. The broadening observed

Repeated measurements at varying concentrations give the sami the spectrum is too great to be explained by the additional

broad, featureless spectrum at all temperatures, making it
unlikely that this effect is caused by further aggregation.

The product of the ESR signal intensity (from double
integration of the spectrum) and temperature falls with decreas-
ing temperature, indicating a singlet ground state (Figure 2).

(9) Neugebauer, F. A.; Fischer, Angew. Chem., Intl. Ed. Engl98Q
92,761.

(10) Neugebauer, F. A.; Fischer, H.; Siegel,Ghem. Ber1988 121,
815.

(11) Kutal, C.Coord. Chem. Re 1990 99, 213.

(12) Weissman, S. UJ. Chem. Phys1958 29, 1189.

hyperfine coupling to Cu and P, and this suggests a very fast
spin—lattice relaxation time even in a rigid matrix. Because
of the lack of detail in the spectrum, full spectral simulation to
provide meaningful parameters is impossible; however, using
the zero-field splitting parameters of BVD itself, and the
hyperfine parameters from Kaim’s coppetBipyridine com-

plex (vide infra), we can estimate the line width required to
suppress the fine structure and produce a broad signal such as
that observed. This method gives a very crude estimate of the

(13) Bleaney, B.; Bowers, K. Proc. R. Soc. Londoh952 A214,451.
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Table 1. Unit Cell Dimensions for Copper(l) Complexes of BVD
[CU2C|2(BVD)]X [CUzBrz(BVD)]x [CUglz(BVD)]x

crystal system  orthorhombic orthorhombic monoclinic @
a(h) 6.684(1) 12.608(2) 12.669(2) s,

b (A) 12.524(3) 6.744(1) 8.461(2)

c(A) 8.717(2) 8.822(2) 7.679(1)

S (deg) 91.88

Figure 4. Unit cell packing diagram for (GBr[BVD] ). The view
direction is along the axis. A herringbone arrangement of layers of
(CwBr,[BVD],) is apparent in this orientation.

15

Figure 3. View of a portion of the polymeric (GBr,[BVD]) showing

the atom labeling scheme. Thermal ellipsoids are scaled to the 30%
probability level. The complex is extended parallelctoThe CuBr;

moiety lies around a position of symmetryn2at 1/2, 0, 0. Atoms 10
labeled with a prime are related by-1x, —y, —z A crystallographic -
mirror plane of symmetry bisects the nearly planar BVD moiety passing [1,(8-8)
through atoms O1, C2, C3, C3B, C2B, and O1B. H(B)xAB,

peak-to-peak line widthAB,, ~120 G, corresponding to a
transverse relaxation timd+, vide infra) of approximately 5
x 10710s,

Upon combination of chloroform solutions of BVD with
copper(l) halides in acetonitrile, a black microcrystalline 3
precipitate with composition [GX2(BVD)]« rapidly forms. The [(B-5,)/a8,]
precipitate from the reaction with trimethyl phosphiteopper- Figure 5. [1o(B — Bo)/{1(B) ABy}]Y2 against [B — Bo)/ABy? for
() iodide is |_dent|cal in composition to th_at produced from  [cu,Cl,(BVD)]4 (diamonds), [CeBr(BVD)]x (triangles), and [Cal-
copper(l) iodide. Combination of BVD with the copper(ll) (BVD)]« (squares). The plots for the bromide and iodide complexes
halides (CuGl and CuBg) in methanol solution results in  are offset along thg axis to improve clarity. The solid and broken
formation of analogous black microcrystalline precipitates: lines are the predicted behavior for Lorentzian and Gaussian line shapes,
X-ray powder diffraction indicates that these precipitates are respectively. The plots indicate that the line shapes for these ESR spectra
structurally identical to those obtained from the corresponding '€ Lorentzian over the width of the recorded spectrum.
copper(l) halide. The powder patterns of the chloride and iodide o . . i o .
complexes were indexed with the computer programs TREOR determlngtlo_n were obtained _by mterfacu_al precipitation, we '”f?r
and VISSER* Unit cell dimensions are given in Table 1 along that the iodine _comple_x maintains a S|m|Ia_r linear polymeric
with data for the bromide complexifle infra). Careful layering strégt;re, but d|ff$rshsllghtly Ilrll' overall placklng.h |
of a methanolic solution of CuBmupon a chloroform solution spectra of the crystalline complexes show extremely
of BVD resullts, after diffusion of the layers together, in crystals broad, featureless absorptions with peak-to-peak line widths on
of the [CuBr,(BVD)]x complex suitable for single-crystal X-ray t2h8003rd§r: doassgiﬁl huglc":gngsgtfg at;oogté%r?gre;agm ér
diffraction study. Crystallographic data and the results of the ) - hgvalu : Py EXpe for a copp
structure refinement are summarized in Table 2. The structure(“) species. For all three complexes, the line width increases
of the material is polymeric, with copper atorﬁs alternately with increasing temperature (Figure 6) and the signal intensity
bridged by halide ions and' verdazyl diradicals (Figure 3). parallels the observed magnetic susceptibility. The line shape

Atomic positional and equivalent isotropic thermal parameters Z‘? ?ﬁ,g t;gearirrr:lsrtle[g Eyl?i, I)c/nglgg]gh(\al\/;lér:gtl|olias([?hg rﬁgf({lgrgﬁan
are listed in Table 3, and bond lengths and angles for the non- J BL"1 . pceline) height of the derivative lirég) is the
hydr_ogen atoms are listed in Table 4. The chains pack in a distance of the derivative curve from the baseline at fil&,
herringbone arrangement, with each verdazglystem overlap-

) ) ) : A ! is the resonant field, aniBy, is the peak-to-peak line widf.
ping a verdazyl ring of a neighboring chain (Figure 4), with & ¢4 3 | orentzian line shape, this plot should be linear: for a

7 stacking distance of 3.6 A. Gaussian line shape, this plot would curve upward. Figure 5
The unit cell of the chloride complex is isomorphic with the  shows these plots for the three halide complexes: A line width
bromide and may thus be anticipated to have a very similar that is essentially Lorentzian is observed in all cases, although
structure. The iodide, however, has a monoclinic rather than there is some asymmetry in the line for the Cul complex.
orthorhombic unit cell, suggesting a difference in packing  The broad line width observed in the spectra of both the
brought about by the larger iodine atom. Although no crystals polymeric and the discrete species points to very fast relaxation
of the iodide complex suitable for single-crystal structure times and an unusual electronic structure. Unfortunately, with
such fast relaxation times, saturation of the ESR absorption

(14) Lasocha, W.; Lewinski, KPROSZKI: A System of Programs for
Powder Diffraction Data Analysjsv. 2.4; Krakow, Poland, 1994. (15) Gatteschi, D.; Sessoli, Rlagn. Reson. Re 199Q 15, 1.
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Table 2. Crystallographic Datafor (Cw.Bry[(BVD)]x)

formula GH12NgO,Cw,:Br, no. of reflections measured 4894

fw 539.16 no. of unique reflections 708

a(h) 12.680(2) decay correction 0.9691.007

b (A) 6.744(1) Rt (F?) 0.111

c(A) 8.822(2) u(cm) 81.34

V (A3 754.4(3) crystal size (mm) 0.060.19x 0.39

z 2 transmission factor range 0.2270.5118

F(000) 520 Ru(F?P 0.165

crystal system orthorhombic R(F)° 0.0607

space group Pbam goodness of fits! 1.065

T(°C) =75 no. of parameters 57

26 range (deg) 450 max|A/a] <0.1

scan speed (deg/min) (2.® scan) 5-12 min, max peaks (@A3) —0.55,1.04

Peale, @lCT? 2.37

@ Data were collected on a Siemens P3 diffractometer, equipped with a Nicolet LT-2 low-temperature device and using graphite-monochromatized
Mo Ka. radiation ¢ = 0.710 73 A). Data were collected usingscans with a scan range of 1i6 w. Lattice parameters were obtained from the
least-squares refinement of 44 reflections with 8.2 < 15.9. P R, = { SW(|Fo|? — |Fc|)Z=w(|Fo|)*} Y2 where the weighty, is defined asv =
1{0%(|Fol®) + (0.111P)%}; P = [(1/3)(max of (0 or|Fe|?) + (2/3)|Fc|3. ¢ The conventionaR index based o where the 404 observed reflections
haveF, > 4(c(Fo)). 4 S= [SW(|Fo|? — |F¢d%(n — p)]¥2 wheren is the number of reflections anglis the number of refined parameters.

1200 350

Table 4. Bond Lengths (A) and Angles (deg) for the

L oeet Non-Hydrogen Atoms of (GiBry[(BVD)] x)?
o, ° o 1 2 3 -2 1-2-3
. . %ol . Cu Br cu 2.410(2) 83.13(9)
& P ofa® 0° aln Br Cu Br 96.87(9)
5 A N2 Cu Br 2.118(9) 121.0(2)
N e ahan g N2 Cu Br 121.5(2)
5 s % N2 Cu N2B 77.1(5)
3 : 0 N2 N1 C9 1.338(13) 118.3(9)
£ P c9 N1 C2 1.47(2) 116.9(10)
= P c2 N1 N2 1.378(13) 124.6(9)
» o gmgmmmmTane - - “ev C3 N2 Cu 1.281(11) 115.9(9)
2 ° o 050 c3 N2 N1 114.9(10)
Cu N2 N1 129.2(7)
o 000 C3B c3 N2 1.54(3) 115.5(8)
0 S0 1o '15() 200 250 200 350 N2A C3 N2 1289(15)
Temperature /K o1 c2 N1 1.19(2) 124.0(7)
Figure 6. Temperature dependence of the peak-to-peak line width N1 Cc2 N1A 111.9(15)

(ABp, filled symbols) and transverse relaxation tiriig, pen symbols)
for [CuClx(BVD)]« (diamonds), [CtBr»(BVD)]« (triangles), and [Cgly-
(BVD)]« (squares)T, was calculated from the relationship = (2/
V/3)(1/yAB,) wherey is the magnetogyric ratio for the electron.

a Atoms labeled by primes are related by-1x, —y, —z. Those
atoms labeled by A are related Ryy,1 — z, while those labeled by B
are related by - x, —y, z (see Figure 3).

Table 3. Fractional Coordinates and Equivalent Isotropic Thermal ~ With a line width determined b, according té?

Parameters (A for the Non-Hydrogen Atoms of (GBr,[(BVD)],)?

atom x y z U T,-2_ L1

Br 0.3798(2) 0.1427(3) 0.0 0.0577(7) V3 YABy,

Cu 0.5 0.0 0.1812(2) 0.0558(8)

“% 8-2%4113(;) 8-?2@2(5{9 8-%88(%8) 8-8@3(? wherey is the magnetogyric ratio for the electron af8,, is

c3 0'5321( ) ' (14) ) (10) 038(3) the peak-to-peak line width measured from the first derivative
) (12)  0.097(2) 0.5 0.036(5) X . ,

c9 0.6476(12)  0.416(2) 0.2248(14)  0.067(5) of the absorption curve. In the wings of the spectrum, the line

o1 0.6963(11)  0.577(2) 0.5 0.061(5) shape is expected to deviate from Lorentzian at a point roughly

c2 0.6461(12)  0.428(3) 0.5 0.036(5) proportional to the magnitude of the exchadgeln our

complexes, where the exchange rate is very high, deviation from
Lorentzian behavior occurs only in the very extreme wings of
the spectrum and is difficult to observe. This feature also makes
moment analysis risky, so that measurement of the moments
cannot be obtained and, consequently, the value of the longi-of the lines will add little to the analysisT, for the polymeric
tudinal relaxation timeT;) cannot be measured in a straight- species investigated is plotted as a function of temperature in
forward manner. The transverse relaxation tinig) (can, Figure 6.
however, be determined by a line shape anafysié.In the Molar magnetic susceptibility was recorded for all three
polymers, this is simplified by the high density of spins. Ina samples from 1.7 to 350 K (Figure 7). The broad maximum in
magnetically nondilute, paramagnetic crystal, efficient exchange the susceptibility indicates that antiferromagnetic exchange
between neighboring spin centers within the crystal lattice results predominates in all three complexes and that the interactions
in Ty ~ T and averages all hyperfine and fine structure to zero. are largely one-dimensional. At low temperatures, a reciprocal
The resulting absorption has a Lorentzian shape in the centertemperature dependence (Curie law dependence) indicates the
(16) Atsarkin, V. A.. Demidov, V. V.; Vasneva, G. hys. Re. B presence of doublet radical impurities. The poor approximation

1995 52, 1290. of these data by the Bleaneowers equation for susceptibility
(17) Atsarkin, V. A.; Vasneva, G. A.; Demidov, V. JETP 1995 81,
509. (18) Anderson, P. W.; Weiss, P. Rev. Mod. Phys1953 25, 269.

aFor anisotropic atoms, th value isUeq, calculated asleq = (1/
3)YiYUjaiaAj whereAj is the dot product of théth andjth direct
space unit cell vectors.




Spin Delocalization in Copper(l) Complexes J. Am. Chem. Soc., Vol. 119, No. 22, 5999

0.0019

0.0014 ‘D] q’z

"

: Figure 9. A cartoon representation of localized magnetic orbitals for

: the diradical BVD. Symmetric and antisymmetric combination of these
orbitals gives rise to the singlet ground state and triplet excited state
of BVD, respectively.

0.0009

Molar Susceptibility /emu mol”

0.0004

triplet splitting observed for the solution specilesThis gives,
for the intraligand exchang&iwa = —190 cnt? for the CuCl

s complex,Jinra = —200 cnt?! for the CuBr complex, andina
Dot L = ” — ” e . = —200 cnt?! for the Cul complex. The intermolecular
' Temperature /K i ) exchange is similar for the CuCl and CuBr complexes (110 and

Figure 7. Temperature dependence of magnetic susceptibility fos-[Cu 116 le)_ smc_e_they are isomorphic, but that for the Cul
Cly(BVD)] (diamonds), [CeBr2(BVD)]x (triangles), and [Cil(BVD)]x C(_)mplex IS strikingly dlfferer_lt (271 cm) as a result of
(squares). The solid lines are best fits to the modified Barfisra differences in molecular packing.
equation described in the text, with paramethrss —190 cnmi'?, J, = ) ]
—116 cnT?, y4ia = —0.00029 emu/mol, an@ = 0.009 (emu K)/mol, Discussion

1= 17, = 1. = . . . :

gg}ﬂﬁf\;%]cx)’jo Oog?grﬁ?jk)\kn ol (?éh%fgsng‘ﬁ ) agaoioiG _ C_oor_d_lnat|on of copper to the b|s(verdazy!) ring system resu_lts

Z271 cmrt J, = —200 et yaa= 2.3 x 105 emu/mol. andC = in significant perturbation of the electronic structure of this
1 - 1 la — . ) -

0.005 (emu K)/mol, ([Chl2(BVD)],). diradical. In the three polymeric complexes, and in the
monomeric solution species, the lowest excited triplet state is
S A > considerably stabilized compared with the free ligand. The ESR
K—"’jz Q/,\Q—“'}Z Qj,\Qf-"}z S\IQ spectra are also indicative of an unusual electronic structure.
Fi . L ) " . Extremely fast spin relaxation in the solid phase is usually
igure 8. Exchange interactions in the alternating one-dimensional - . . . - .
Heisenberg model. The ellipses represent individual verdazyl rings. characteristic of certain transition metal electronic configurations
(such as &(lll) and d’-Co(ll)) as a result of interaction with
of isolated dimers indicates that exchange interactions between? l0W-lying excited state. Such short relaxation times are quite
diradicals are important. rare for organic species in rigid medt.

Inspection of the molecular packing diagram reveals a  1he unusual properties of this series of complexes can be
probable pathway for magnetic exchange interactions: namely,understood by considering the interactions of the copper d
exchange between the two halves of the bis(verdazglstem orbitals with the molecular orbitals of the verdazyl system. We
and exchange across the stack between polymer chains. first discuss possible descriptions of the ligand orbitals. A
Exchange across the coppéralide—copper bridges is assumed ~ detailed investigation of the ligand has already been niafie.
to be small relative to the other exchange parameters and isP€gin our discussion at the"ekel level. While this approach
ignored. (Measurement of interaction between imino nitroxide iS undoubtedly simplistic, the kel model and similar one-
radicals across a similar copper halide bridge gave an exchangeélectron methods provide a relatively useful base for discussing
constant of 2.2 cm19) The above interactions suggest that further magnetic interactiori$>* Use of a somewhat more
the observed magnetic susceptibility should be modeled as ansophisticated semiempirical calculation (such as AM1) results
alternating Heisenberg chain; that is, the exchange can bein ssentially the same singly occupied orbitals for the verdazyl
modeled using two exchange constants that alternate betweer@nd a qualitatively similar result. Conversely, accurate deter-
magnetic centers along a one-dimensional chain (Figure 8). Thismination of the energies of the ground and excited states of
model has the spin Hamiltonian: these systems requires lengthy calculaffon.

At the Hickel level (i.e., including only nearest neighbor
n2 interactions), there are two degenerate highest occupied orbitals,
H=— Z(JlsZi-sM +3,5:°S,_1) each containing one electron. While these orbitals can be drawn
T as delocalized over the entire ligand system, it is more
convenient to use localized orbitals, one on each verdazyl

Approximate equations for the temperature dependence ofsystem. Such a description is defensible at this level because
the susceptibility of this system have been developed by of the disjoint nature of the bis(verdazyl) system. A cartoon
Hatfielcd?® and by Barnes and Riefa. This model accurately  depicting these localized orbitalg; andé,, is shown in Figure
describes the temperature dependence of the susceptibility forg. Such singly occupied orbitals have been labeled “natural
all three compounds (Figure 7). Best fit parameters obtained magnetic orbitals” by KahA. As described by Kahn, and also

by least squares minimization for both models dre= —190 by Auerbacl?® the exchange energy between the electrons in
cm ! andJ, = —116 cn1? for [CuCly(BVD)]y, J1 = —200 such orbitals depends on orbital overlap and the proximity of
cm tandJ, = —110 cnt for [CuBry(BVD)]y, and; = —271 the orbitals to each other in space. Overlap between the orbitals

cmlandJ, = —200 cntfor [Cusl2(BVD)]y. If the exchange (22) Bertni - Martini. 6. Luchinat. C. Imiandbook of Eleciion Spi

s . ertini, I.; Martini, G.; Luchinat, C. IiHandbook of Electron Spin
within the bis(verdazyl) m0|e_(_:UIe can be_assumed to be on_ly ResonancePoole, C. P. J., Farach, H. A, Eds.; AIP Press: New I\J(ork,
weakly dependent on the auxiliary copper ligands, we can assigni9g4; p 79.

the intraligand exchange to the values closest to the singlet 38(23) Miller, J. S.; Epstein, A. JAngew. Chem., Int. Ed. Endl994 33,
5

(19) Oshio, H.; Watanabe, T.; Ohto, A.; Ito, T.; Masuda]itrg. Chem (24) Miller, J. S.; Epstein, A. XChem. Eng. New&995 73, 30.
1996 35, 472. (25) Nachtigall, P.; Jordan, K. OJ. Am. Chem. S0d.993 115, 270.
(20) Hatfield, W. E.J. Appl. Phys1981, 52,1985. (26) Auerbach, A.Interacting Electrons and Quantum Magnetism;
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Figure 10. Interaction of BVD singly occupied orbitals (natural
magnetic orbitals) with copper d orbitals. Overlap of the copper d orbital
with BVD SOMOs results in significant spin density on copper,
enhancing the effects of electrerlectron repulsion and lowering the
energy of the triplet state.

tends to result in spin-pairing, minimizing the electron kinetic
energy and stabilizing the singlet state. Close proximity of the

orbitals instead favors the triplet state as a result of minimization

of electron-electron repulsion. In the isolated diradical, long-

range overlap between verdazyl SOMOs results in a weak

bonding interaction, while electron repulsion is minimized as a
result of the localized nature of the orbitals. The result is that
the ligand diradical has a singlet ground state with the triplet
lying 760 cn1t above it

The preferential formation of the copper(l) complex from
either copper(l) or copper(ll) halides suggests that, like the
related aromatic imines, the bis(verdazyl) ligand is a relatively
strong w acceptor. As a result, there is significant overlap
between the metal d orbitals and the ligandystem; thus, the
copper-nitrogen bond has significantrd-pr character. A
similar situation is observed in the radical cat@#’28 In this

™ "
N N
thPm'"C J j’: \C ,PPh;
Cu u
pth/ \N \N/ \PPh3

cation, which is formally a copper (I) complex of the 2,2
bipyrimidine radical anion, ESR hyperfine coupling indicates
that the unpaired electron is delocalized over both thé 2,2
bipyrimidine ligand and the copper atoms.

Returning to the individual verdazyl SOMOs and the natural

magnetic orbital scheme discussed above, we see that overla

of ¢1 with copper ¢, and d, orbitals results in the orbitakg;
andy,* depicted in Figure 10. Similarly, will give rise to a
similar pair of orbitalsy, andy,*. Although there is still no
net overlap between the magnetic orbitgls® and y,* on

nearest neighbors (since the relevant copper d orbitals involved
are orthogonal), they can no longer be confined to separate
groups of atoms. The resulting Coulombic repulsion between
the electrons stabilizes the triplet state, resulting in the reduced

exchange interactions seen in the copper complexes.

(27) Vogler, C.; Hausen, H. D.; Kaim, W.; Kohlmann, S.; Kramer, H.
E.; Rieker, JAngew. Chem., Int. Ed. Endl989 28, 13659.

(28) Vogler, C.; Kaim, W.; Hausen, H.-IX. Naturforsch.1993 48b,
1470.
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Figure 11. Qualitative orbital scheme for interaction of Cu(l) with
BVD.

It is convenient to consider this model as a competition
between a direct exchange pathway favoring a singlet ground
state and a superexchange pathway through the copper atoms
favoring a triplet ground state. A qualitative molecular orbital
scheme depicting the interaction of the highest energy ligand
and metal d orbitals is shown in Figure 11. The @nd By
levels result from symmetric and antisymmetric combination
of the orbitalsy, andy,. Similarly, the A* and Byg* levels
arise from combination ofy1* and y,*.

In the case of the copper complexes of BVD, this exchange
mechanism is effective. Although the ground state is still a
singlet, the stabilization of the bis(verdazyl) triplet state as a
result of coordination of the copper atoms is about 500%cm
By comparison, exchange between imino nitroxide ligands
mediated by tetrahedral copper(l) is ferromagnetic witk
100 cnt1 2 and the magnitude of the exchange interaction
between semiquinone ligands mediated by diamagnetic metal
centers is on the order of-5310 cnT1.3% This considerably
weaker interaction is a result of the localized nature of
semiquinone SOMOs in metal compleXesVith little unpaired
electron density on the metal atom, the contribution of the
superexchange mechanism is diminished. When the orbital
match is improved (for instance, in superexchange between
copper(ll) centers mediated by a 2t#pyrimidine ligand), the
strength of the interaction is increas&d.To achieve strong

ﬁ)nteractions, whether ferromagnetic or antiferromagnetic, a close

match of the respective orbitals is required such that unpaired
electron density is delocalized between the metal and ligand.
In [CuxX2(BVD)]y, the ligand and metal orbitals are close
enough in energy, and have the appropriate symmetry, to
produce a large ferromagnetic exchange.

We can use this model to make rough predictions concerning
the magnitude of the superexchange interaction. The interac-

(29) Oshio, H.; Watanabe, T.; Ohto, A.; Ito, T.; NagashimaAdgew.
Chem., Int. Ed. Engl1994 33, 670.

(30) Lange, C. W.; Conklin, B. J.; Pierpont, C. org. Chem 1994
33,1276.

(31) Castro, I.; Sletten, J.; Gleerum, L. K.; Lloret, F.; Faus, J.; Julve, M.
J. Chem. Soc., Dalton Tran$994 2777.
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tions illustrated in Figures 9 and 10 suggest that the degree ofcurrently unavailable because of the lack of suitable single
triplet stabilization will depend on the unpaired electron density crystals for the iodide complex and because of the partial
on the copper atom and, hence, on the extent of Bur instability of the complex in solution over long periods.
bonding. Auxiliary copper ligands that increase d-orbital  Alternatively, if the species in chloroform solution is pre-
participation in thist bonding would increase the stabilization dominantly a monomerlj, the very rapid spin relaxation must
of the triplet over that of the singlet state. Conversely, strong be a result of the coppewerdazyl interaction itself. As
7 acceptor ligands would reduce the degree of coppafD previously noted, such short relaxation times are usually
bonding and would stabilize the singlet state. Since the associated with transition metal ions having low-lying spin states
proposed orbital interaction imparts some copper(ll) character that can interact with the ground state. A similar mechanism
to the metal center, the ligands best able to stabilize the higherworking on a molecular scale could account for the fast
oxidation state would give rise to a greater triplet stabilization. relaxation in the copperbis(verdazyl) system. In this case,
It does appear that the intramolecular exchange with the chloriderapid spin relaxation may result from interaction between the
complex is slightly lower than that with iodide or bromide, but first excited triplet state and a higher triplet state. A possible
the trend is weak. The trend among the halides is better revealeccandidate for this higher energy electronic state is the triplet
in the ESR spectra. Trimethyl phosphite, however, is a strong “metal-to-ligand charge transfer®NILCT) state which has been
7 acceptor, reducing the degree of €N x bonding in the  found to be characteristic of copper(l) complexes of chelating
monomerl and destabilizing the triplet state by 30 ¢ aromatic imineg1:36 This state is typically low in energy and
To gain further insight into the coppeverdazyl interaction, has been detected from its phosphoresence in the red and near-
we can look at the ESR data. Unlike the magnetic data, the IR spectral region&!-3¢ although no phosphorescence was
spin relaxation rate is very sensitive to the copper auxiliary detected from1. In the context of Figure 10, this state
ligands, with the ligands better able to stabilize copper(ll), corresponds to half-filled fand A* orbitals. Increased metal-
producing a faster relaxation rate. This suggests that theto-ligandsr bonding would lower the energy of this triplet as a
relaxation is related to the spin density on the copper atoms, result of the greater electrerelectron repulsion associated with
and an understanding of the relaxation mechanism should leadincreased delocalization. A lower energy triplet would lead to
to greater understanding of the complex’s electronic structure. greater triplet-triplet interaction and increased line broadening.
The observed relaxation rate is unusually fast for an organic Thus, a spin relaxation mechanism involving a higher energy
radical (T> for an organic radical is typically 16 s?3, and electronic state is fully consistent with the auxiliary ligand
inspection of Figure 1 indicates that it is considerably faster dependence of the ESR line width.
than the relaxation in the isolated BVD ligand. The similarity Although strongly exchange-coupled lattices have relaxation
of the relaxation rates for the solution species and the polymerstimes relatively independent of temperature, the monomer should
suggests a common relaxation mechanism. The weak temperg|so have a strongly temperature dependent relaxation time,
ature dependence indicates that the relaxation does not occuivhich in turn could be used to determine the energy of the
through a standard Orbach or Raman proéésk fact, weak  excited state responsible for the relaxation. The line width of
or no temperature dependence is typical for strongly exchange-the solution species is, in fact, temperature dependent, but the
coupled latticed>33.34 errors involved in its accurate determination prevent a truly
Two possible cases can be envisioned depending upon themeaningful analysis.
nature of the solution species. If the solution species is  Thys both relaxation models are consistent with our descrip-
predominantly dimeric2) or oligomeric, spin relaxation prob-  tjon of the electronic structure, and currently available data do
ably results from interaction between neighboring triplets across ot enable us to distinguish unambiguously between them.
the halide bridge. (A similar mechanism was proposed {0 Fyrther understanding of these unusual systems will result from
account for the temperature dependent relaxation observed in getailed study of the temperature and orientational dependence

the dimeric copper acetat@yrazine complex (G#Aca(Pyz))®) o the line shape in a well-characterized, monomeric verdazyl
The temperature dependence of this relaxation will vary with ¢omplex.

the probability of the neighboring verdazyl unit being in the

triplet state. In CpAcs(pyz), such dependence was used t0 conclusions

determine the magnitude of the exchange between trifflets.

Unfortunately, because the determination of line width for our ~ The reaction of copper halides with 13,5-tetramethyl-6,6
solution species is so crude, a meaningful quantitative fit of dioxobis(verdazyl) results in a new series of coordination
the data is impossible. For the solid state, becaydeis large, polymers. Although the intraligand electronic exchange is still
the concept of isolated triplets is inappropriate and application antiferromagnetic in these systems, the triplet excited state is
of the theory more complicated. Nevertheless, we might expect considerably stabilized compared with the free ligand as a result
the reciprocal of the relaxation rate to follow the product of 0f anincreasingly important superexchange through the copper-
susceptibility and temperaturgT) and be strongly dependent ~ (I) center. The strength of this exchange is probably a result
on the identity of the halide. Halides that increase the spin of the close matching of the energies of the liganand metal
density on copper would increase the facility of exchange acrossd orbitals, and initial results suggest that the interaction may
the halide bridge and produce faster relaxation times. The be tuned by careful consideration of the copper auxiliary ligands.
observed data are qualitatively consistent with this model; The bridging ability of the BVD ligand lends itself to the
however, a full analysis requires single-crystal ESR data, formation of extended coordination polymers and holds promise
measured over a greater temperature range. Such data aréor other new and exciting magnetic systems.

(32) Standley, K. J.; Vaughan, R. Relaxation Phenomena in Solids;
Plenum Press: New York, 1969.

K §’3)R|T£;ﬁg?ﬁi‘ F;\' Méégt.)c’:\lacl):;]r_c;ﬁglrlgﬁz'atAFr’T:\;Z%'I{;r::nslg?gMuller, General Procedures. ESR spectra were recorded on a Bruker

(34) Bencini, A.; Gatteschi, DEPR of Exchange Coupled Systems; ESP300 ESR spectrometer equipped with an E4100 variable temper-
Springer-Verlag: New York, 1990. ature controller. X-ray powder patterns were recorded on a Phillips

(35) Valentine, J. S.; Silverstein, A. J.; Soos, Z.J3Am. Chem. Soc.
1974 96, 97. (36) Everly, R. M.; McMillin, D. R.J. Phys. Chem1991 95, 9071.
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automated diffractometer equipped with a graphite monochromator
using Cu Ko radiation. Powder patterns were indexed and unit cell
parameters refined with the programs TREOR and VISSER as
implemented in the software package PROSZKKAbsorption spectra
were recorded with a Hewlett-Packard HP-8452 diode array spectrom-
eter. Infrared spectra were recorded with a Perkin-Elmer Model 1600
or a Nicolet 510P Fourier transform infrared spectrometer. Copper-
(I1) chloride dihydrate, copper(Il) bromide, copper(l) chloride (99.995%
pure), copper(l) bromide (99.999% pure), copper(l) iodide, and trimethyl
phosphite-copper(l) iodide (Aldrich) were used as received.

Because of the extreme insolubility of the polymeric complexes,

Brook et al.

Cu2Br,(BVD). Method a. A solution of 90 mg of anhydrous
copper(ll) bromide in methanol was carefully layered onto a solution
of 50 mg of BVD in chloroform. The two layers were allowed to
diffuse together over a 48 h period. Filtration gave a black crystalline
precipitate of CuBrp(BVD) with an IR band (KBr) at 1695 cnt
(C=0). The crystals grew as very thin, black plates with rounded faces.
A data crystal was selected with approximate dimensions £.0519
x 0.39 mm. The data were collected -a¥5 °C on a Siemens P3
diffractometer using a graphite monochromator with Ma iadiation
(A =0.710 73A). Details of crystal data, data collection, and structure
solution and refinement are listed in Table 2. Four reflections, (

the samples were difficult to obtain rigorously pure, and consequently —1, 2; —1, 0, —3; 1, 1, —2; 1, 1, 2) were remeasured every 96
results of elemental analyses were unsatisfactory. Nevertheless, onlyreflections to monitor instrument and crystal stability. A smoothed
lines consistent with the reported unit cells were observed in X-ray curve of the intensities of these check reflections was used to scale the

powder diffraction measurements.

Magnetic Measurements. Magnetic susceptibilities were measured
on a Quantum Design MPMS-5 SQUID magnetometer. Data were
collected on powdered samples over a-13%0 K temperature range
at a field of 5000 G. Data were corrected for the diamagnetism of the
sample holder. Data between 20 and 350 K were fitted to the equation

xX= %spin(‘llv‘]ZvT) + Xdia +CIT

whereyspin(Ji,J2,T) is the function described by Barnes and Riéfar

an alternating Heisenberg chajpa is the sample diamagnetism, and
CIT is the Curie susceptibility of the paramagnetic impurity. Best-fit
curves were obtained using a least-squares method with both exchang

constants, the sample diamagnetism, and the amount of impurity as

fitted parameters. This gave the exchange parameters reported abov
and, for the CuCIl complex;sia = —0.00029 emu/mol an@ = 0.009
(emu K)/mol, for the CuBr complexssia = —0.00026 emu/mol an@
= 0.006 (emu K)/mol, and, for the Cul complexia = 2.3 x 1075
emu/mol andC = 0.005 (emu K)/mol. These values are consistent
with the presence of-12% of paramagnetic impurity.

Reaction of BVD with Trimethyl Phosphite—Copper(l) lodide.
Nitrogen-purged chloroform (0.5 mL), BVD (10 mg), and (&)s-
PCul (20 mg) were combined in an ESR tube. The tube was shaken
to mix the reagents, and then the ESR spectrum of the frozen solution
was recorded at temperatures from 110 to 200 K. The product of
relative integrated intensity and temperature was fitted to the modified
Bleany-Bowers equation

T=g@+e™N+p

with parameters = —230 cnT?, g = 8.1 K, andp = 0.17 K. An
IR spectrum of this solution was also recorded giviag = 1697 cnt™.

Alternatively, 3.55 mg of BVD was dissolved in 25 mL of
dichloromethane. To this solution was added 12.71 mg of;(@#
PCul, and the mixture was shaken vigorously. ths spectroscopy
gavedmax = 396 nm withe = 4700 L mol? cm™%. A long featureless
tail extended from 396 to 750 nm.

CuCly(BVD). Method a. A solution of 50 mg (0.2 mmol) of BVD
in 2 mL of chloroform was combined with a solution of 68 mg (0.4
mmol) of copper(ll) chloride dihydrate in 2 mL of methanol. Having
been stirred for 24 h, the resulting black microcrystalline precipitate
was removed by filtration to give 65 mg (72%) of [€Ll,(BVD)]«
with IR (KBr) 1699 cntt. A finely powdered sample was used for
X-ray powder diffraction. Indexing of the powder pattern gave an
orthorhombic cell with dimensiors= 6.684 A,b = 12.524 A, anc:
=8.717 A

Cu.Clx(BVD). Method b. A solution of 104 mg of BVD in 2 mL
of chloroform was combined with an argon-purged solution of 82 mg
of CuCl in 2 mL of acetonitrile. A black precipitate began to form
immediately. Having been stirred for 24 h, the precipitate was collected
by filtration to give 157 mg (84%) of GLI(BVD). The infrared
spectrum and X-ray powder pattern were identical to those of the sample
prepared by method a.

data. The scaling factor ranged from 0.9691 to 1.007. The data were
corrected folLp effects and absorption. The absorption correction was
based on crystal shape measurements with minimum and maximum
transmission factors ranging from 0.2271 to 0.5118. Data reduction,
decay and absorption correction, and structure solution and refinement
were performed using the SHELXTL-Plus software pack&g&he
structure was solved by direct methods and refined by full-matrix least-
squares oifr2 with anisotropic thermal parameters for the non-H atoms.
The hydrogen atoms on the methyl carbon, C9, were calculated in
idealized positions (EH 0.98 A) with isotropic temperature factors
set to 1.8Jeq of C9. The functiony w(|Fo|? — |F¢|?)? was minimized,
wherew = 1/[(o(F,))? + (0.08)?] and P = (|Fo|? + 2|F/?)/3. Neutral

&tom scattering factors and values used to calculate the linear absorption

coefficient are from thénternational Tables for X-ray Crystallography
é1990).38 Other computer programs used in this work are listed
élsewheré? All crystallographic figures were generated using XP/
pC#

CuzBry(BVD). Method b. To a 99 mg sample of BVD dissolved
in 2 mL of nitrogen-purged chloroform was added a solution of 113
mg of copper(l) bromide in 2 mL of nitrogen-purged acetonitrile. The
solution was allowed to stand at room temperature for 15 h, and the
precipitate of 164 mg (77%) of GBr»(BVD) was removed by filtration
and dried under vacuum.

Cu.l2(BVD). A solution of 76 mg of copper(l) iodide in 4 mL of
nitrogen-purged acetonitrile was combined with a solution of 50 mg
of BVD in 2 mL of nitrogen-purged chloroform. After the solution
was allowed to stand for 24 h, filtration gave a black microcrystalline
precipitate of 82 mg (65%) of Gly(BVD). This material had an IR
band (KBr) at 1707 cmt (C=0). X-ray powder diffraction data were
collected on a finely powdered sample. Indexing of the powder pattern
gave a monoclinic unit cell with dimensioas= 12.669 A,b = 8.461
A, c=7679 A ands = 91.88.
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